
















































Behaviour	 is	 frequently	 driven	 by	 evaluations	 of	 the	 value	 of	 different	 courses	 of	 action	46	
(Kahneman	and	Tversky	1984;	Rushworth	and	Behrens	2008).	In	humans,	these	evaluations	47	
form	 part	 of	 our	 everyday	 lives	 when	 we	 make	 economic	 decisions	 and	 place	 value	 on	48	
behaviours	 that	 result	 in	 rewarding	 outcomes.	 Such	 decisions	 can	 be	 highly	 subjective	49	
(Green	et	al.	1994;	Mazur	2001).	For	example,	whilst	some	people	are	impulsive	and	favour	50	
small	 immediate	 rewards	 to	 larger	delayed	benefits,	others	are	patient	and	prefer	 to	wait	51	
much	longer	in	order	to	obtain	only	slightly	larger	rewards.		52	
The	 neural	 basis	 of	 such	 subjective	 impulsivity	 in	 economic	 decision-making	 is	 becoming	53	
increasingly	 understood	 (McClure	 et	 al.	 2004;	 Kable	 and	 Glimcher	 2007,	 2010;	 Kim	 et	 al.	54	
2008;	Peters	and	Buchel	2009;	Figner	et	al.	2010;	Louie	and	Glimcher	2010).	However,	such	55	
economic	 decisions	 are	 often	 made	 in	 the	 context	 of	 groups	 of	 individuals	 interacting	56	
together.	Within	these	groups	behaviour	is	often	dictated	by	social	norms	which	determine	57	
what	behaviours	are	permissible	or	preferred	(Asch	1956;	Kahneman	and	Miller	1986;	Boyd	58	
et	 al.	 2003;	 Fehr	 and	 Fischbacher	 2004).	 Such	 normative	 preferences	 often	 override	59	
subjective	evaluations,	with	people	 flexibly	 switching	between	making	economic	decisions	60	





norm	 information,	 but	 also	 to	 impulsive	 economic	 decision-making	 (Izuma	 2013).	 The	66	
prevailing	 view	 of	 functional	 organisation	 in	 the	 mPFC	 suggests	 that	 these	 functions	 are	67	
localised	to	distinct	zones	of	the	mPFC	(Rudebeck	et	al.	2008).	It	is	often	claimed	that	dorsal	68	
sub-regions	 (DmPFC)	 are	 specialised	 for	 processing	 social	 information,	 whereas	 ventral	69	
portions	 (VmPFC)	 are	 specialised	 for	 processing	 information	 about	 the	 value	 of	 rewards	70	
(Amodio	and	Frith	2006;	Rushworth	and	Behrens	2008).		71	




Notably,	 portions	 of	 the	 VmPFC	 are	 strongly	 connected	 to	 regions	 implicated	 economic	76	




regions	 of	 the	 DmPFC	 (Ongur	 et	 al.	 2003;	 Petrides	 and	 Pandya	 2006)	 -	 are	 strongly	80	
connected	 to	areas	of	 the	brain	 that	are	more	 typically	engaged	during	 social	 information	81	
processing	 (Apps	 and	 Sallet,	 2017;	 Barbas	 et	 al.	 1999;	 Cavada	 et	 al.	 2000;	 Petrides	 and	82	






2002;	 Spitzer	 et	 al.	 2007;	 Buckholtz	 et	 al.	 2008;	 Prehn	 et	 al.	 2008;	 Buckholtz	 and	Marois	89	
2012).	In	contrast,	the	ventral	portions	of	the	mPFC	(VmPFC),	including	BA	32	and	11	(Ongur	90	
et	al.	2003;	Petrides	and	Pandya	2006),	have	been	shown	to	signal	the	value	of	both	primary	91	






examining	 the	 neural	 mechanisms	 that	 underlie	 the	 learning	 of	 another’s	 subjective	98	
valuation	of	a	reward	(Garvert	et	al.	2015),	or	choosing	on	behalf	of	another	based	on	their	99	
preferences	 (Nicolle	 et	 al.	 2012)	 have	 shown	 the	 involvement	 of	 both	 the	 VmPFC	 and	100	
DmPFC.	 They	 found	 that	 both	 the	 DmPFC	 and	 VmPFC	 can	 be	 engaged	 by	 the	 value	 of	 a	101	
reward	according	to	either	ourselves	or	another	person.	However,	these	results	suggest	that	102	
DmPFC	is	engaged	when	this	valuation	is	not	guiding	the	execution	of	one’s	current	actions	103	
(it	 is	engaged	 in	 ‘offline’	valuations)	and	 the	VmPFC	 is	engaged	by	 the	value	guiding	one’s	104	
current	 choices	 (‘online’	 valuation’).	 This	would	 therefore	point	 to	neither	 the	VmPFC	nor	105	
DmPFC	 being	 engaged	 by	 social	 or	 non-social	 information	 specifically.	 However,	 these	106	
decisions	were	made	 either	 to	 reward	 the	 subjects	 themselves,	 or	 one	 other	 person.	 The	107	
mechanisms	that	underlie	how	the	brain	processes	the	value	of	a	reward	when	required	to	108	
conform	to	a	norm	are	unclear.	Moreover,	 it	 is	unclear	how	different	regions	of	 the	mPFC	109	
contribute	to	the	processing	of	both	subjective	and	normative	valuations.	110	
	 5	
In	 this	 study	 we	 dissect	 out	 the	 contribution	 of	 different	 regions	 of	 the	mPFC	 to	making	111	
decisions	based	on	subjective	(SV)	and	normative	valuations	(NV).	We	designed	a	paradigm	112	
based	on	previous	delay-discounting	economic	decision-making	 tasks	 that	have	been	used	113	
to	 examine	 subjective	 impulsive	 behaviours	 (Mazur	 2001;	 Kable	 and	 Glimcher	 2007).	114	
Subjects	 made	 inter-temporal	 economic	 decisions	 choosing	 between	 a	 small	 immediate	115	
reward,	and	a	 larger,	delayed	reward.	On	half	of	the	trials	these	choices	were	made	based	116	
on	 their	 subjective	 preferences,	 and	 on	 half	 of	 the	 trials	 they	 were	 made	 based	 on	 a	117	
normative	 valuation	 that	 was	 learnt	 during	 a	 training	 session.	 Using	 this	 design	 in	118	
























































































































































































































































































































To	 correct	 for	 multiple	 comparisons	 we	 first	 identified	 a	 large	 cluster	 by	 using	 a	 cluster-	421	
threshold	as	recommended	by	Woo	et	al.	2014	to	identify	an	initial,	 large	mPFC	cluster.	To	422	
then	be	more	anatomically	specific	we	used	masks	of	putatively	areas	8,	9,	11,	32	and	pre-423	
SMA	 from	 Neubert	 et	 al.	 (2015)	 as	 small	 volume	 corrections.	 In	 addition,	 we	 used	 these	424	
same	masks	in	a	region	of	interest	(ROI)	analysis.	The	masks	of	Neubert	et	al.,	(2015)	were	425	
created	 based	 on	 resting-state	 and	 diffusion-weighted	 imaging	 in	 both	 humans	 and	426	
macaques,	 and	 highlight	 the	 largely	 preserved	 connectional	 properties	 of	 these	 regions	427	
across	species.	These	masks	therefore	provide	a	detailed	anatomically	derived	parcellation	428	
of	the	mPFC	that	we	can	use	to	delineate	the	contributions	of	different	regions	of	the	mPFC	429	












We	 designed	 a	 novel	 version	 of	 an	 inter-temporal	 decision-making	 task	 to	 investigate	440	
activity	 covarying	with	 subjective	 or	 normative	 valuations	 of	 rewards	 (fig.1).	 During	 fMRI,	441	
subjects	made	 choices	 between	 a	 low	 (£3),	 immediately	 received	 reward,	 and	 a	 larger	 in	442	
magnitude	 (£3.10	 -	 £20)	 but	 delayed	 (1	 –	 180	 days)	 reward.	On	half	 of	 the	 trials	 subjects	443	
were	instructed	to	indicate	their	own	preference,	but	crucially,	on	the	other	half	of	the	trials,	444	
subjects	 were	 required	 to	 indicate	 the	 preference.	 The	 normative	 preferences	 had	 been	445	
learnt	 through	 trial	 and	 error	 during	 a	 training	 session	 (See	Methods	 &	 Supp.	 material).	446	







Are	 rewards	devalued	by	 temporal	delays?	Consistent	with	a	 large	body	of	previous	work,	454	
rewards	were	 subjectively	 devalued	 by	 the	 temporal	 delay	 before	 receipt	 (fig.2a,b;	 Supp.	455	
Results).	 Crucially,	 however,	 there	 was	 no	 difference	 between	 subjects’	 choices	 on	 the	456	
subjective	 and	 normative	 trials	 at	 the	 group	 level	 during	 scanning	 (p	 >	 0.1).	 This	 result	457	
importantly	 ensures	 that	 activity	 identified	 in	 neural	 analyses	 is	 not	 driven	 by	 systematic	458	
differences	 in	 valuation	 of	 delayed	 rewards	 by	 subjects	 in	 the	 normative	 and	 subjective	459	
conditions	(see	Supp.	results).		460	
To	 characterise	 the	nature	of	 the	discounting	effect,	we	 fitted	hyperbolic	 and	exponential	461	
‘discount’	models	separately	to	the	choices	on	the	normative	and	subjective	trials,	using	the	462	
softmax	 algorithm	 and	 maximum	 likelihood	 estimation	 (see	Methods,	 (fig.2c)	 and	 Supp.	463	
Table	 2.).	 Thus,	 for	 each	model	 we	 estimated	 a	 “discount	 factor	 (‘k’)”	 which	 dictates	 the	464	
extent	 to	which	 a	 reward	 is	 devalued	by	 a	 delay	 and	 a	 stochasticity	 parameter	 (β),	which	465	
represents	 how	 noisy	 valuations	 are.	 	 To	 determine	 which	 function	 best	 fitted	 the	466	
behavioural	 data,	 (fig.2c)	 we	 conducted	 a	 2x2	 repeated	 measures	 ANOVA	 on	 the	 log-467	
likelihood	for	each	condition	(subjective,	normative)	and	function	(exponential,	hyperbolic).	468	
We	 found	 a	 marginal	 effect	 of	 condition	 and	 a	 main	 effect	 of	 function,	 and	 a	 marginal	469	
	 18	
interaction	 (Condition	 (F(1,14)	 =	 	 4.391,	 p	 =	 0.055);	 Function	 (F(1,14)	 =	 17.554,	 P<0.001);	470	
Condition	x	Function	(F(1,14)	=	3.874,	p	=	0.07).	Examination	of	the	log-likelihood	estimates	471	
shows	 that	 the	 effect	 was	 driven	 by	 a	 better	 fit	 of	 the	 hyperbolic	 model	 to	 both	 the	472	
subjective	and	normative	choice	data,	in	line	with	previous	studies	examining	inter-temporal	473	




For	 the	 aims	 of	 this	 study	 it	 was	 important	 that	 subjects	 were	 able	 to	 reproduce	 the	478	
normative	 preferences	 that	 they	 had	 learnt	 during	 the	 training	 session	 accurately	 on	 the	479	
normative	 trials	 inside	 the	 scanner.	 To	examine	 this	we	 compared	 the	estimated	discount	480	
factor	from	the	hyperbolic	model	on	the	normative	trials	during	scanning	with	the	discount	481	
factor	which	was	used	to	create	the	normative	behaviour	that	subjects	 learnt	through	trial	482	







attributed	 to	 the	high	 levels	of	 variability	across	 subjects	 in	 the	 subjective	valuation	 trials.	490	
Importantly,	there	was	also	no	correlation	between	the	subjective	discount	parameters	and	491	
the	 normative	 discount	 parameters	 across	 subjects	 (rs	=	0.23,	p	 	 =	 0.4).	 This	 indicates	 that	492	
whilst	at	the	group	level	there	was	no	difference	in	behaviour	in	the	two	conditions,	subjects	493	
were	not	 simply	performing	 the	normative	 trials	using	 the	same	discount	 function	as	 they	494	
were	on	the	subjective	trials.	Thus,	they	were	behaving	differently	in	the	two	conditions,	and	495	







Seventy-three	 percent	 of	 subjects	 shifted	 their	 preferences	 in	 the	 direction	 of	 the	 norm	502	






the	 norm,	 than	 they	were	 during	 the	 training	 session	 before	 being	 exposed	 to	 the	 norm.	509	
However,	 there	 was	 a	 correlation	 between	 a	 subjects	 discounting	 parameter	 prior	 to	510	
learning	 the	norm	and	post	 learning	 the	norm,	 suggesting	 that	whilst	 there	was	 a	 shift	 in	511	
behaviour	 overall,	 subjects	 remained	 relatively	 impatient	 or	 patient	 with	 respect	 to	 the	512	










In	 this	 study	we	were	 interested	 in	 examining	 activity	 time-locked	 to	 the	 offer	 cue	when	523	
subjects	 evaluated	either	 the	 subjective	 value	 (SV)	 or	 normative	 value	 (NV)	of	 an	offered,	524	
delayed,	reward	(analysis	of	the	response	cues	are	included	in	the	supplementary	material).	525	
To	 examine	 the	 processing	 of	 SV	 and	 NV	 we	 used	 the	 values	 taken	 from	 the	 hyperbolic	526	
model	fitted	to	the	subjects	behaviour,	and	used	them	as	parametric	modulators	of	activity	527	
at	the	time	of	the	offer	cue	on	the	corresponding	trials	(see	supp.	Table	1	 for	results	from	528	









NV	 parametric	 modulators	 revealed	 a	 large	 cluster	 extending	 over	 both	 the	 dorsal	 and	537	
ventral	portions	of	the	mPFC	(3095	voxels)	that	was	significant	at	a	cluster-wise	threshold	(Z	538	
=	 4.09,	 P	 <	 0.001	 uncorrected	 voxel-wise	 threshold,	 P	 <	 0.05	 FWE	 cluster	 threshold	 (as	539	
recommended	 by	 Woo	 et	 al.	 2014)).	 Although	 other	 regions	 also	 showed	 a	 significant	540	
difference	between	SV	and	NV	(See	Supp.	Results),	 for	the	aims	of	this	paper	we	focus	on	541	
the	mPFC	cluster.	However,	we	note	 that	we	also	 found	a	similar	pattern	of	 results	 in	 the	542	





and	 32.	 (see	 Supp.fig.2	 for	 masks	 of	 these	 regions).	 In	 the	 following	 sections	 we	548	
demonstrate	 that	each	of	 these	5	 zones	did	 in	 fact	 signal	SV	and	NV	differently,	however,	549	
they	clustered	into	three	sub-regions	that	each	had	a	distinct	signature	for	signalling	SV	and	550	
NV.	 For	 each	 region	 we	 highlight	 a	 small	 volume	 corrected	 result	 to	 demonstrate	 the	551	





regions	 which	 have	 been	 identified	 in	 studies	 examining	 the	 neural	 basis	 of	 social	 norm	557	
processing	(Izuma	2013).	Details	of	the	extent	of	these	masks	are	shown	in	supplementary	558	
material	(see	Supp.Fig.2).	We	identified	a	peak	within	the	spatial	extent	of	each	mask	for	the	559	
contrast	between	SV	and	NV	 (Area	8	mask:	 x	=	 -4,	 y	=	32,	 z	=	52;	Z	=	3.88,	p	<	0.05	small	560	
volume	correction	(SVC);	Area	9:	x	=	6,	y	=	52,	z	=	38;	Z	=	3.80	SVC)	demonstrating	that	both	561	
sub-regions	differentially	signaled	NV	and	SV.	Examination	of	the	response	in	the	peak	voxel	562	












and	 32	 (See	 Supp.Fig.2	 for	 spatial	 extent).	 Both	 of	 these	 regions	 have	 been	 identified	 as	574	
signalling	 subjective	 value	 (Kable	 and	 Glimcher	 2007;	 Neubert	 et	 al.	 2015)	 in	 human	575	
neuroimaging	tasks.		576	
	577	
Similar	 to	 the	DmPFC,	clusters	 in	both	regions	showed	a	significant	difference	between	SV	578	
and	NV	(Area	32	mask:	x	=	6,	y	=	46,	z	=	10;	Z	=	3.56,	p	<	0.05	svc;	Area	11:	x	=	-8,	y	=	42,	z	=-579	
10;	Z	=	3.58,	p	<	0.05	svc).	Activity	in	these	regions	showed	an	effect	of	both	SV	and	NV,	but	580	
in	 the	opposite	 direction	 (fig.3).	 This	was	demonstrated	 statistically	 by	 clusters	within	 the	581	
spatial	extent	of	both	masks	-	each	containing	the	peak	voxel	from	the	contrast	between	SV	582	
and	NV	-	showing	a	positive	effect	of	SV	and	a	negative	effect	of	NV	alone,	albeit	at	a	slightly	583	
reduced	 threshold	 (p	 <	 0.002	 uncorrected).	 Activity	 in	 these	 regions	 showed	 an	 effect	 of	584	
both	SV	and	NV,	but	in	the	opposite	direction	(fig.3).	This	was	demonstrated	statistically	by	585	
clusters	within	 the	spatial	extent	of	both	masks	 -	each	containing	 the	peak	voxel	 from	the	586	
contrast	between	SV	and	NV	 -	 showing	a	positive	effect	of	SV	and	a	negative	effect	of	NV	587	
alone,	albeit	at	a	slightly	reduced	threshold	(p	<	0.002	uncorrected).	This	suggests	that	both	588	
sub-regions	of	 the	VmPFC	showed	a	significant	effect	of	value,	but	activity	covaried	 in	 the	589	
opposite	direction	for	SV	and	NV	in	both	regions.	Our	claim	is	supported	by	the	ROI	analyses	590	
in	 which	 both	 clusters	 had	 significant	 effects	 of	 SV	 and	 NV	 when	 correcting	 for	 multiple	591	
comparisons	(See	Methods,	Supp.	Results	and	Supp.	Fig.2).	Although	the	effects	for	SV	in	the	592	
VmPFC	were	slightly	weaker	than	our	other	reported	results,	there	is	considerable	evidence	593	










voxel-wise	 threshold,	 P	 <	 0.05	 FWE	 cluster	 corrected).	 This	 region	 lying	 anterior	 to	 the	603	
border	between	 the	precentral	gyrus	and	 the	superior	 frontal	gyrus	on	 the	medial	 surface	604	
fell	within	the	region	often	referred	to	as	the	pre-supplementary	motor	area	(Pre-SMA;	(x	=	-605	
8,	 y	 =	 20,	 z	 =	 44;	 Z	 =	 4.96,	 p	 <	 0.05	 SVC).	 A	 cluster	 and	 also	 the	 peak	 voxel	 from	 the	606	
conjunction	was	also	identified	independently	as	showing	a	significant	effect	of	both	SV	and	607	






that	 regions	 of	 the	DmPFC	 and	VmPFC	 are	 engaged	when	updating	 behaviour	 in	 order	 to	614	




varied	 with	 SV	 on	 subjective	 trials	 or	 NV	 on	 normative	 trials	 covaried	 with	 the	 extent	 to	619	
which	subjects	shifted	their	choices.	We	found	3	separate	clusters	in	the	mPFC	that	survived	620	
correction	 for	 multiple	 comparisons	 using	 the	 masks	 of	 area	 32	 (14,48,	 4,	 Z	 =	 3.69,	 p	 <	621	
0.05svc),	8	 (-12,	32,	50,	Z	=	4.11,	p	<	0.05svc)	and	9	 	 (-10,	48,	42	Z	=	3.64,	p	<	0.05svc)	 in	622	
which	 activity	was	 correlated	with	 SV	 on	 subjective	 trials	 (see	 supp.fig.4).	 Clusters	 in	 the	623	
same	regions	also	showed	a	significant	correlation	between	the	degree	of	SV	coding	and	the	624	
extent	 to	which	 subjects	 got	 closer	 to	 the	norm	 from	 the	 first	 to	 the	 second	 session,	 at	 a	625	












































































































































































































































































































































































































































































































































































































































































As	 delays	 increased	 subjects	 were	more	 likely	 to	 choose	 the	 immediate	 option	 (A)	 and	 as	1049	
rewards	 increased	 they	were	more	 likely	 to	 take	 the	delayed	option	 (B).	Overall	 choices	on	1050	
the	 inter-temporal	 choice	 trials	 were	 better	 explained	 by	 a	 hyperbolic,	 rather	 than	1051	
exponential	model	(C).	(D)	Subjective	or	normative	discount	parameters	estimated	based	on	1052	
the	 subjects	 choice	 behaviour	 did	 not	 differ	 from	 the	 normative	 discount	 factor	 that	 was	1053	
learnt	during	training	 (dotted	blue	 line).	Subjective	discount	 factors	 in	 the	scanning	session	1054	
correlated	with	subjective	discount	factors	during	the	training	before	subjects	had	learnt	the	1055	
normative	 behaviour	 (E).	 However,	 there	 were	 substantial	 shifts	 in	 subjective	 discount	1056	
factors	 from	 before	 to	 after	 learning	 the	 norm	 (F).	 73%	 of	 subjects	 discount	 factors	 were	1057	






regions	 of	 the	 DmPFC	 -	 	 areas	 9	 (A)	 and	 8	 (B)	 -	 	 showed	 a	 significant	 negative	 effect	 of	1064	
Normative	 value	 (NV)	on	 the	normative	 trials	but	no	effect	of	 Subjective	 value	 (SV)	on	 the	1065	
subjective	 trials.	Plots	 show	 response	 from	 the	peak	voxel	 (responses	of	 the	whole	 clusters	1066	







































































































































are	 reported	 in	 supp.	 fig.2).	 Clusters	 in	 the	VmPFC	 -	 	 areas	 32	 (C)	 and	11	 (D)	 -	 	 showed	a	1067	
significant	negative	effect	of	NV	on	the	normative	trials	and	a	significant	positive	effect	of	SV	1068	
on	the	subjective	trials.	A	region	in	the	posterior	DmPFC	showed	a	significant	conjunction	(E),	1069	
signalling	both	SV	and	NV	and	no	difference	between	the	two.	Thus,	the	mPFC	is	sensitive	to	1070	
reward	valuations	in	inter-temporal	choice.	Error	bars	depict	SEM.	Results	are	shown	at	p	<	1071	
0.001	uncorrected	for	display	purposes.		1072	 	1073	
